We develop a Reduced Dimensionality (RD) approximation for the title reaction which treats the angle of approach of the hydroxyl radical to the nitrogen dioxide molecule and the radial distance between the two species explicitly. All other degrees of freedom are treated adiabatically.
I. INTRODUCTION
The reaction between NO 2 and OH has long been known to be an important component of the NO x cycle as it produces the stable HNO 3 species which acts a 'reservoir' for NO x . It is a two stage termolecular reaction that proceeds through a vibrationally excited complex, as shown in Equation 1 ,
However recent observation of a slight discontinuity [1] [2] [3] [4] [5] in the falloff curve has led to the suggestion that there may also be a significant yield of the minor product, peroxynitrous acid, through the reaction in Equation 2 ,
Initial studies suggested that there could be up to six energetically feasible conformers of HOONO formed [6] , however this was then revised to three as a result of higher level electronic structure calculations [7, 8] . The formation of the most stable cis-cis conformer was confirmed by Nizkorodov et al. [9] using vibrational overtone photodissociation spectroscopy. The first direct detection of the trans-perp isomer in the gas phase was by Pollack and coworkers [10] who used a super-sonic beam to cool the products and thus prevent interconversion between the different isomers. They observed the second overtone stretch of its OH bond close to that of the cis-cis conformer. A more detailed study was performed by Fry and coworkers [11, 12] to try and measure the rate of isomerization between the two products and to compare it with RRKM calculations. The rate of interconversion was found to be very rapid. By looking at the features of the overtone transitions of the OH bond evidence for the cis-perp conformer in the gas phase has also been found [13] .
Calculated values of the branching ratio have varied considerably. Variational Transition
State Theory (VTST) calculations were performed by Chakraborty [14] and coworkers. These suffered from the problem that they could not find a transition state geometry for HOONO, and so were unable to calculate the branching ratio. Matheu and Green [15] performed detailed analysis of the RRKM rate expressions for this reaction and found that the reaction rate was particularly sensitive to coupling of the reaction coordinate and the rotations of the transition state. They suggested an upper limit to the rate of formation of HOONO as 20% of that of HNO 3 . Golden and Smith [16, 17] performed calculations using the hindered Gorin model and then fitted their RRKM rate to the known experimental data by varying the hinderance parameters. They were able to obtain a reasonable fit at all pressures [16] .
These calculations were initially done using the frequencies and parameters calculated by Chakraborty and coworkers, but later they confirmed their results by calculating frequencies at the QCISD(T)/cc-pVTZ level, which gave good agreement with the more approximate calculations. They predicted an approximately 20 % branching ratio at room temperature and 1.0 atmosphere pressure.
The formation of the cis-cis isomer was detected by Bean and coworkers [18] by means of cavity-ring down IR spectroscopy and the branching ratio with nitric acid estimated at 5%. They were unable to detect any of the trans-perp isomer as the second overtone of the trans-perp O-H bond was obscured by the strong nitric acid bond. Statistical calculations suggested that there should be a reasonable yield of the trans-perp isomer, but they reasoned that there would be rapid interconversion from the trans-perp to the cis-cis, a view which some calculations have supported [11] .
II. DYNAMICS AND MODELING OF THE REACTION
For this study it is assumed that there is no interconversion between activated complexes of the two products and that there are no 'weak collisions', that is collisions that do not completely deactivate the activated complex. This means that the branching ratio is dependent only on the relative rates of complex formation and that the pressure dependent rate constants for both products are given by the simple termolecular expression,
Here the low pressure limit rate constant,
and the high pressure rate
Calculated values of the low pressure rate constant are available from the literature [17] .
As a result of the number of degrees of freedom involved it is not feasible to fully simulate the initial bimolecular collision through quantum reactive scattering process to find k 1 .
Instead a Reduced Dimensionality (RD) model must be developed. The particularly stable OH bond is fixed at 0.967Å since it is known [7, 8] that it is approximately this length in both products and the reactants. The ONO angle undergoes very little change during the course of the reaction. This suggests that the ONO bend is a spectator mode that does not undergo transition to a higher vibrational state as a result of the approach of the OH.
This means an adiabatic treatment is appropriate. The lengths of the N-O bonds are also optimized at every point. Since they are high energy modes they are unlikely to become mixed with the bending mode, or with motions in the reaction coordinate, so an adiabatic treatment is sufficient for these also. Since the OH rotor has a low moment of inertia it will adjust its position to any change in the potential very quickly compared to the NO 2 rotor. The angular coordinates of the OH rotor can therefore be treated adiabatically. The difference in the moments of inertia suggests that the amount of angular momentum coupling between the two rotors will be small.
Since the entrance channel has deep wells, it is likely that it will be dominated by the centrifugal barrier which will act at large radial distances [14] . At these distances the potential will be dominated by whether the OH approaches closer to the nitrogen side or oxygen side of the NO 2 molecule, and the plane of approach of the hyroxyl radical will have little effect. This leaves only the radial distance between the two species and one altitudinal angle in a single plane to be treated explicitly as shown in Jacobi coordinates in Figure 1 . Since the orientation vector pointing along the C 2v axis is of arbitrary length it can be taken as a unit vector. The Centrifugal Sudden Approximation is applied (CSA) and since the ONO angle is large it is assumed that the NO 2 can be treated as an approximately linear rotor.
III. POTENTIAL ENERGY SURFACE
It has been shown that the effect of electron correlation [7, 8, 19, 20] is important in this radical-radical system. The Complete Active Space Self Consistent Field (CASSCF) method with an active space of 18 electrons distributed through 14 orbitals, (18, 14) , was found to be an economical way to account for this. The 14 MOs used were the 7 highest occupied molecular orbitals and the 7 lowest energy unoccupied molecular orbitals. A ccpVTZ basis set was employed and the geometries of the two major products calculated using the MCSCF/CASSCF [21, 22] code in the MOLPRO quantum chemistry package [23] . These geometries are shown in Tables I and II 
where,
This was used to generate a set of points for each θ = θ i at all R values needed, and twodimensional cubic splines were used to give the values of the potential at arbitrary θ and R.
Since the internal vibrational frequencies change very little during the course of the reaction zero point energies of the inactive modes were not included in the PES. This 2D PES is shown in Figure 4 , and the locations of its stationary points are given in Table III .
From the Maxwell-Boltzmann distribution it is known that the RMS speed of collision corresponds to an energy of 0.9 kcal mol and below. This is the region from 3.5-5.0Å where a change is being undergone from a regime were the reactants are free to approach each other from a large number of different angles to one where there is a well defined Minimum Energy Pathway (MEP). It appears as if these two regimes correspond to two different phases of the reaction, the first of which can be modeled using a capture theory type approach and the second of which is better described using a Transition State Theory (TST) type approach.
The first of these phases is the system initially falling into one of the two wells labeled Well 2 and Well 3 in Figure 4 , which can take place at a wide variety of angles for most of which there is virtually no barrier to reaction. If it falls into Well 2 then it follows the groove in the potential energy surface until it reaches the minimum of Well 1 which corresponds to the equilibrium N-O distance in the nitric acid product. It might be expected, since there is a strong electrostatic attraction between the partially positively charged nitrogen on the NO 2 and the partially negatively charged oxygen on the hydroxyl species, that the MEP would be straight line at 0
• , however if the initial approach is at a slight angle then the H atom on the OH species can interact with the O on the NO 2 .
If the system falls into Well 3 the situation is more complex. The angle of approach corresponds closely to the value of the angle, θ in the trans-perp conformer of the HOONO product, which suggests that this product can be formed by the hydrogen atom turning out of the plane. However since our calculated PES only describes planar motions this aspect of the system cannot be studied in this investigation. An alternative outcome is that it can be converted to the cis-cis isomer by traversing the saddle point and falling into Well 4. This idea is supported by the calculations of Bean et al. who have found a very rapid reaction rate for this process using RRKM theory [18] .
Any probability density between 0 − 120
• was taken as forming the HNO 3 product and any in the range 120 − 180
• was taken as forming the HOONO product. This was because,
120
• is the location of the saddle point that the system must traverse to convert from HNO 3 to HOONO.
IV. DYNAMICS: THEORY A. Time-dependent
The RD Hamiltonian in the reactant coordinates and the Body Fixed (BF) Frame is,
where V (R, θ) is the fitted PES, J is the overall angular momentum quantum number,ĵ 2 is the angular momentum operator for NO 2 , and K is the projection of the overall angular momentum onto the BF Z' axis.
An initial state selected wavepacket can be formed from a radial Gaussian function and an eigenfunction of the angular part of the unperturbed Hamiltonian,
where G(R) is given,
The width of the wavepacket is given by β, the initial average radial position by R 0 and the initial group velocity by k 0 . This wavepacket can be propagated in time according to the
This was done using a 6 step 6th order symplectic integrator [24] and the sinc DVR basis set [25] .
There is a dividing surface at the distance, R c , at which the OH species is captured by the NO 2 given by the equation g(R) = R − R c . The probability flux though this surface is
given by the flux operator [26] ,
Since the title reaction is found to be approximately rotationally adiabatic the value of R c is obtained from the maximum of the rotationally adiabatic curve adjusted by the centrifugal potential obtained from an ACCSA calculation as described in Section IV B. The probability of reaction is given by,
the time independent wavefunction, |Ψ + (E) can be obtained by,
. This coefficient can be determined from the overlap between the initial gaussian wavepacket and the asymptotic eigenfunction corresponding to an incoming wave [27] . This can be evaluated analytically by taking the a plane wave along the space fixed axis, expanding it in spherical Bessel functions, projecting it onto the a specific (J, M ) state taking the spherical Bessel functions in their asymptotic state, projecting onto the initial wavepacket. The reactive cross section for a given channel, A is,
Instead of the full wavepacket propagation the Adiabatic Centrifugal Sudden Approximation (ACCSA) can be used [28, 29] . The radial distance can be treated as a parameter, and the angular part of the Hamiltonian,
is put into matrix form using the expansion,
Diagonalization of the potential gives a series of adiabatic curves labeled by K, J and j,
The classical capture approximation is then made for each of the angular momentum adjusted adiabatic curves
where k c = 2µE c , and R x is the radial distance of the maximum of the potential, V JK j (R).
Since the overall wavefunction is normalized the denominator is unity. Within the ACCSA approximation the state selected probability of reaction for a specific channel, where the product, A is formed if the angle of approach of the reactants is between θ min and θ max is given by,
the integrals can be performed numerically using Gaussian quadrature. This can then be substituted into Equation 12 to give the reactive cross-section for that channel.
C. Cross Sections and Rate Constants
Both the WCA reactive cross sections and the ACCSA reactive cross sections can be fitted to a function of the form,
where A and B are real constants. The relationship between the WCA cross section and the ACCSA result is given by,
where the Transmission function, T (E) is given by, 
Since T j (E) accounts for rotationally non-adiabatic transitions and there are no transitions between K values during the reaction it is also invariant to the value of K. The values of the constants C and D are given in Table V .
The state selected rate constant is given by,
The hydroxyl radical is an open shell species and reaction will only take place if OH is in the ground electronic state 2 Π 3/2 [30] . The electronic partition function is,
where T is the temperature in degrees Kelvin. Since the reaction takes place on a singlet potential energy surface the overall rate constant is given by,
The rotational partition function, Q rot is given by,
State selected reaction cross sections for both reaction products calculated with the WCA are shown in Figure 5 . As would be expected the WCA reactive cross section is lower than that for the ACCSA for both products. This is shown in Figure 6 and is due to rotationally non-adiabatic reflection, which is as a result of radial kinetic energy being transferred to rotational energy so that the system no longer has enough kinetic energy to surmount the centrifugal barrier. Although at very low energies HOONO is now the major product, HNO 3 is still the major product at higher energies which are more likely to influence reactions at atmospheric temperatures. This is due simply to the wider entrance channel of HNO 3 which ranges from 0 − 120
• as opposed to the range 120 − 180
• which was taken as forming the HOONO product. This effect is dominant at higher energies when the effect of the centrifugal barrier is less important.
The transmission functions, T (E) for the two channels are shown in Figure 7 . Nonadiabatic effects reduce the amount of radial kinetic energy in the system and so have more of an effect at low energies. This is the reason for the sharp drop in the transmission functions for both channels at low energies. The amount of transmission is greater for the HOONO channel at all energies. This suggests there is more irregularity in the HNO 3 region of the PES, resulting in more non-adiabatic reflection.
Since the transmission function does not vary with j the expression Equation 20 fitted
to the WCA results from j=0 can be used to correct the ACCSA results for higher values of j. This is illustrated for j = 5, K = 0 in Figure 8 . The ACCSA results modified by the shifted transmission function give a good approximation to the full WCA simulation, which was performed using the same parameters as given in Table IV .
B. High pressure rate constants
The WCA corrected overall rate constants are compared in Figure 9 with the results of other calculations and experimental measurements. As would be expected the WCA rate constant is lower than the ACCSA rate constant. It is closer to the experimental measurements than either of the other two theoretical results. It is lower than the measurement of Fulle et al. [3] supporting the suggestion made by later workers in the same lab that this is an overestimate due to experimental error. It appears to be slightly larger than the value given by their later higher temperature measurement given in Hippler et al. [5] . There are several possible explanations for this. It is possible that the experimental measurements have not reached the high pressure limit, although this seems unlikely since Hippler's measurements went up to 1000 bar. There is the possibility that the WCA is an overestimate as it does not take into account coupling between motions in the reaction coordinate and the vibrational motions of the OH and NO 2 . This seems unlikely since they are high frequency vibrational modes, however it is possible that the bending motion of the NO 2 may inhibit formation of the products. More likely is that there is some dependence of the PES on the plane of approach of the hydroxyl radical. Also it is possible that there is some angular momentum transfer from the NO 2 to the OH, which has a higher rotational constant and so would reduce the radial kinetic energy of the system and lower the rate of reaction.
All the theoretical calculations agree that the overall rate constant has a slight negative gradient, although this is so slight that it is a reasonable approximation to assume that the rate constant is invariant to changes of temperature between 200-400K. This is despite the fact that the individual initial state selected rate constants for the rate constants show a positive temperature gradient. This can be accounted for by the increasing promotion of the OH species to the higher, repulsive potential energy surface and the inclusion of increasingly high j values into the Boltzmann average when the state selected rate constant decreases with increasing j. Figure 10 shows the calculated rate constants for the individual products. As would be expected from purely geometrical considerations the WCA branching ratio favours HNO 3 .
This differs from the calculations of Golden et al. [17] which overestimate the formation of HOONO due to the fact that they do not take into account the fact that there are more possible low energy pathways to formation of HNO 3 than there are to formation of HNO 3 .
For both products the WCA rate constants are smaller than those obtained by the more approximate ACCSA calculations. However there is a greater reduction in the rate constant for HNO 3 , which is consistent with previous calculations in Chapter 4 showing that there is more reflection of the wavepacket from the HNO 3 region of the PES. This will result in enhancement of the k HOONO /k HNO 3 branching ratio in the high pressure limit. WCA rate constants for both products show very little variation in the rate constant with temperature, which implies that it is possible to tell when the high pressure limit has been reached as the branching ratio will not vary with temperature. This is in contrast with the rate calculations of Chakraborty et al. [14] which show a strong negative temperature dependence. This is possibly because they locate the transition state at a fixed distance of 3.5Å, which is too low, resulting in too great a decrease in the rate constant with increasing accessability of higher overall angular momentum state.
VI. BRANCHING RATIO Figure 11 shows the overall WCA branching ratio calculated using Equation 3 compared to the ACCSA value found using the same expression and the measurements of Bean and coworkers [18] . The WCA value of the branching ratio was k HOONO /k HNO 3 = 0.051 at 20
Torr and 300K, compared to Bean's value of k HOONO /k HNO 3 = 0.075 ± 0.02 at the same temperature and pressure. The calculation using the WCA shows a considerable increase in the branching ratio compared to the ACCSA, showing that non-adiabatic effects can have a significant effect on the branching ratio. Once again there is a slight negative gradient in the variation of the branching ratio with temperature, which is consistent with the experimental measurements. The WCA calculations still show a small underestimate of the branching ratio at experimental temperatures and pressures. This could be because the experimental values are measured using a Ne/Ar/N 2 mixture buffer gas whereas the theoretical calculation assumes pure N 2 . There is also the possibility that the effect of weak collisions is stronger for one of the products than the other. These weak collision effects are not accounted for by the simple termolecular expression in Equation 3. Furthermore there could be some dependence on the relative width of the entrance channels for the two products on the plane of approach of the hydroxyl species. Also it is possible that angular momentum is transferred from the NO 2 rotor to the OH rotor, which has a higher rotational constant and hence radial kinetic energy is removed from the system and hence the reaction probability is reduced. However this is less likely to happen if the OH is approaching along a reaction pathway that leads to HOONO since the H interacts with the O on the NO 2 and so is confined and not able to swing round.
It has been shown that the ACCSA combined with a Reduced Dimensionality PES for a termolecular reaction can produce accurate high pressure rate constants for the termolecular reaction of NO 2 + OH. However one factor that the ACCSA does not take into account is that the system can change from a low rotational state to a higher one during the course of the reaction and this can leave it without enough kinetic energy to surmount the centrifugal barrier. This can cause an overestimate in the rate constant and has a particular effect on the branching ratio. Overall, this work has shown that the information from a simple capture model can be used to give accurate quantitative information about the branching ratio of a termolecular reaction at temperatures of atmospheric importance. Furthermore information from wavepacket calculations using the assumptions of capture theory can be used to further refine this calculated branching ratio.
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